New methods for estimating erosion at Meteor Crater, Arizona, indicate that continuous ejecta deposits beyond 1/4-1/2 crater radii from the rim (0.25R-0.5R) have been lowered less than 1 m on the average. This conclusion is based on the results of two approaches: coarsening ofunweathered ejectainto surface lag deposits and calculation of the sediment budget within a drainage basin on the ejecta. Preserved ejecta morphologies beneath thin alluvium revealed by ground-penetrating radar provide qualitative support for the derived estimates. Although slightly greater erosion (2-3 m) of less resistant ejecta locally has occurred, such deposits were limited in extent, particularly beyond 0.25R-0.5R from the present rim. Subtle but preserved primary ejecta features (e.g., distal ejecta lobes and blocks) further support our estimate of minimal erosion of ejecta since the crater formed --50,000 years ago. Unconsolidated deposits formed during other sudden extreme events (e.g., landslides) exhibit similarly low erosion over the same time frame; the common factor is the presence of large fragments or large fragments in a matrix of finer debris. At Meteor Crater, fluvial and eolian processes remove surrounding fines leaving behind a surface lag of coarse-grained ejecta fragments that armor surfaces and slow vertical lowering.
INTRODUCTION
Because impact craters on the Earth, Mars, and Venus are instantaneously created with common initial morphologies, their degradation can be used to infer the intensity and style of erosional processes through time. Here we develop geological methods for estimating average vertical erosion over most of the continuous ejecta around one of the largest and youngest terrestrial craters, Meteor Crater, Arizona. These methods assess the differential transport of ejecta fragments and the sediment budget within a local drainage basin on the ejecta blanket to describe erosion of the continuous ejecta located beyond 1/4-1/2 crater radius (>0. (Figure 1 ). This prevailing wind may have persisted since crater formation [Breed et al., 1984] . Biostratigraphic correlations between crater-floor lake sediments and other southwestern lakes [Forester, 1987] 
PREVIOUS ESTIMATES OF EROSION
Previous conclusions regarding the preservation state of ejecta vary (Table 2 ). For example, Nishiizumi et al. [ 1991 ] estimated considerable erosion of primarily Coconino and fallback ejecta with missing thicknesses decreasing from 12-20 m near the rim to 3-5 m at 1.0R [Shoemaker and Kieffer, 1974] . Their estimates are based largely on observations of the steep near-rim and the assumption that uniform exposure ages of large, more-distal ejecta blocks reflected rapid exhumation during early crater history. Similarly, Roddy et al. [ 1975] and Roddy [ 1978] estimated that 20-25% of the original ejecta volume was eroded based on the difference between predicted "preerosion" crater profiles and present thicknesses established by extensive drilling around the crater. They estimated that erosion had widened the rim by 30 m while lowering it by 20 m; farther out, erosion decreased to -2-3 m.
In contrast, Phillips et al. [ 1991 ] found that ejecta blocks between the rim and -1.0R possessed exposure ages matching the crater age and concluded that these blocks had never been buried. Relief of Meteor Crater Drainage Density 
Approach of Current Study
Quantitative estimates of the amount of ejecta eroded (beyond 0.25R-0.5R) in this study are based, first, on coarsening of surface lag deposits on the ejecta and, second, on the sediment budget in a drainage basin on the western crater flank. The first approach compares the coarse-grained ejecta lag deposits with those of underlying in situ ejecta. Ejecta lags are defined as surface accumulations of coarse, angular to slightly rounded fragments averaging -2-3 cm thick (excluding large blocks) that directly overlay their parent material. Such lags do not exhibit the underlying silty, vesicular, clastpoor horizon typical of most stone pavements in the arid southwest [McFadden et al., 1987] . Lags can be used to accurately estimate erosion if (1) unweathered ejecta grain size properties are fairly uniform; (2) lag formation reflects predominantly vertical erosion; and (3) in situ weathering is accounted for. When these conditions apply, the eroded ejecta thickness (Do, in cm), is approximated by Do = (CllCo)D1
(1) where Cl is the maximum possible concentration of coarse fragments in lag deposits relative to unweathered ejecta, Co (based on a normalized sample percentage determined from the standard deviation of grain size distributions), and Dl is the average thickness (in cm) of the lag-layer being considered (Figure 4 ). The second approach assesses the sediment budget of alluvial/colluvial deposits in a largely enclosed drainage basin west of the crater. This method yields values for average local erosion when the total volume of missing sediment is divided by the area of the drainage basin. Additional corrections are required, however, in order to account for sediment transport from the basin through minor divide breaches, eolian deflation, and vertical dissolution. (Table 3a) . Slightly greater erosion (30 cm) is necessary to account for the 3X concentration noted during field sieving. The 2X concentration of blocks >20 cm requires 40 cm erosion in addition to that required for incisement of the associated gully (Table 3a) . Hence the three size ranges yield generally comparable values of erosion; however, they do not include adjustments for processes of lag evolution that might influence clast concentrations, thereby masking more significant erosion.
Evolution of coarse-grained surface lags. The evolution of most lag surfaces leading to stone pavements reflect a variety of processes including (1) •}0.
• The sediment volume represented by these four depositional units provides a minimum estimate for the volume of ejecta eroded and transported locally within the basin. Any sediment transported outside of the basin via fluviation, deflation, and dissolution must be constrained as well. In spite of the number of necessary correction factors, the amounts and processes of degradation can be constrained using field observations and can provide an independent estimate of overall erosion of the outer-continuous ejecta. As a sensitivity test for our derived erosion estimates, the maximum possible volume of sediment transported outside the basin is also used to calculate erosion.
Initial calculation of the sediment budget within the basin. Most ejecta in the basin (72%) occur on the steep upper flank (Figure 9 ). Fans bury ejecta and thin distally to 0.6R from the present rim-crest, whereas diffuse drainages extend to about 1.25R (Figures 2, 3, 8c 8d A maximum of about ~70 cm deflation from Kaibab ejecta can be estimated from the current windstreak inventory, the minimum age, and the assumption of uniform (but unrecorded) deflation over crater history. A lesser value of 45 cm total deflation from the Kaibab ejecta, however, provides a more realistic value based on the likelihood that the intensity of eolian activity is variable and climate sensitive (Table 3b ). The calculation of AVe in equation (5) further requires the approximate deflation from Kaibab ejecta prior to burial beneath alluvium and colluvium. If a similar rate of eolian stripping and an average burial age of half the crater age are assumed, a "best" estimate of 25 cm is derived. Ejecta burial by alluvium/colluvium as recently as 10 ka, however, yields a "maximum" estimate of 55 cm (Table 3b ).
Alluvial fans in the drainage basin are mantled by coarse-lag deposits that can be used to estimate deflation more directly. Coarseclast concentrations in fan-lags relative to underlying alluvium indi-• cate that 30cm deflation has occurred, a value adopted as a"best" for fans and diffuse drainages based on their similar fine-grained component. Because most alluvial surfaces in the basin are relatively young but relict, additional deflation from now buried surfaces is possible. A pluvial or monsoonal age for most alluvium is implied by (1) soil development [Shoemaker, 1960] ; (2) Deflation from colluvial surfaces can be constrained by contrasting constituent grain sizes and ages of the colluvium with the Kaibab ejecta. This approach reveals that the younger colluvium has a larger deflatable fraction. The younger age of the colluvium should approximately offset its greater deflation potential. Hence, working values previously derived for ejecta deflation ("best"= 45 cm; "maximum" = 70 cm) also should reasonably characterize the colluvium. Colluvium up to 15 cm in thickness is buried by alluvium that is ~ 1/2 the average thickness of the exposed colluvium; therefore, a "best" estimate of deflation prior to burial is 25 cm. Arguments similar to those used to estimate maximum deflation from buried ejecta limits deflation from buried colluvium to 55 cm at most.
Modified erosion estimates. Corrections for deflation in volume
estimates for deposits in the basin allow calculation of "best" and "maximum" values for the various terms in equation (5), leading to an estimate for overall erosion. Deflation of 30 cm alluvium equates to 71,000 m 3 for a total alluvium volume of 191,800 m 3 (Table 4) . "Best" estimated deflation from exposed and buried colluvium represents 96,300 m 3 sediment for a total of 158,700 m 3 colluvium (Table 4) . Deflation from exposed and buried ejecta removed 154,300 m 3 sediment (Table 4) Figure  2 for location). Radar was used to confirm depths of alluvium around the crater and to provide additional information regarding the erostonal history. Depth scales differ between ejecta and alluvium due to varying dielectric properties. An analog SIR-3 GPR from Geophysical Survey Systems, Inc., was used with a 500-mHz antenna to obtain data. The gradient along the contacts between alluvium and underlying ejecta is close to that on adjacent, exposed surfaces, thereby suggesting minimal vertical erosion since emplacement. In addition, the contact shows little evidence for fluvial incisement and therefore erosion prior to burial. ment prior to burial has been minimal ( Figure 11 ) . Hence, the maximum 1-m estimate of erosion on the outer-continuous ejecta is consistent with evidence from in situ features revealed by radar (Table  5) .
As part of a separate study focusing on the styles and mechanics of ejecta emplacement (Schultz and Grant, 1989; P.H. Schultz and J.A. Grant, manuscript in preparation), we also sought to identify key ejecta signatures associated with emplacement. Careful examination of the crater exterior reveals the preservation of subtle, but unmistakable primary ejecta features. For example, several •-1 m thick distal ejecta lobes superpose low buttes --2.0R north of the crater [Tilghman, 1905; Barringer, 1910] (Figure 1 ). These lobes persist despite exposure to prevailing winds (Figure 12 ). Their preservation in such an erosionally sensitive setting is inconsistent with wholesale 2-3 m removal of the outer ejecta as implied by some previous estimates. Moreover, preservation of scattered Kaibab ejecta blocks (•-15 to 25 cm in diameter) beyond the continuous ejecta at distances up to 5.3R also implies minimal erosion (Table 5) .
Although this study emphasizes the amount and styles of degradation, the total average erosion since crater formation provides an effective long-term erosion rate of 2 cm/ka that can be calibrated by derived rates for other diverse landforms. Derived long-term rates [Stout, 1975; Johnson, 1978] Blackhawk landslide in California are also well preserved [Shreve, 1968] . Third, the 13-18 ka gravel/cobble bedforms in the Channeled Scabland of Washington [Baker, 1978] remain clearly recognizable and are not deeply eroded. Finally, some alluvial fans in the southwest United States preserve small, late Pleistocene/middle Holocene sheetflood bedforms [Wells andDohrenwend, 1985; Wells et al., 1990 ]. Due to the catastrophic nature of events forming these deposits, the larger size fractions are less sensitive to further transport under normal conditions, a condition analogous to the observed preservation of outer--continuous ejecta at Meteor Crater.
The maximum 1-m erosion of the outer--continuous ejecta estimated here (Table 5) (Table 1) . Our results may be most consistent with those of Grieve and Garyin [ 1984] , who model crater formation and predict a depth of excavation for Meteor Crater that is slightly greater than that of Cro• [ 1980] . Such models likely require further refinement before they can be considered to reflect accurately all details of the impact process and crater formation.
The ground truth provided by field studies provides the necessary quantitative reference for identifying the signatures of degradation processes in different geologic and planetary settings. Comparisons of degradational states on more densely cratered surfaces can be used to infer the intensity and processes of degradation with allowances for different substrates. On Mars, such knowledge could be achieved using high-resolution Mars Observer data and would provide a general indicator of regional erosion. Conversely, the results might allow understanding past climates.
